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Quantum  dot-sensitized  solar  cells  (QDSSCs)  are  renowned  energy  devices  known  for  their  distinct 
qualities,  including  (i)  the  ability  to  harvest  sunlight  that  generates  multiple  electron-hole  pairs,  (ii) 
simplicity  in  fabrication,  and  (iii)  low  cost.  The  power  conversion  efficiency  (y)  rates  of  many  QDSSCs  are 
lower  than  those  of  dye-sensitized  solar  cells,  reaching  a  maximum  of  12%  as  a  result  of  narrow 
absorption  ranges  and  of  the  charge  recombination  occurring  at  the  QD-  and  Ti02-electrolyte  interfaces. 
New  types  of  sensitizers  are  necessary  to  be  developed  to  further  increase  the  i;  of  QDSSCs. 
Semiconductor  QDs  are  the  most  applicable  material  for  photosensitization  because  of  their  high 
absorption  and  the  obtained  emission  spectra  that  can  be  manipulated  by  varying  dot  sizes. 

This  paper  presents  an  overview  of  recent  studies  on  QDSSC  photosensitization  and  provides 
suggestions  to  improve  QDSSCs  by  explicitly  comparing  different  sensitizers.  Particular  focus  is  directed 
on  the  behavior  of  several  important  types  of  semiconductor  nanomaterials  (sensitizers  such  as  CdS, 
Ag2S,  CdSe,  CdTe,  CdHgTe,  InAs,  and  PbS)  and  other  nanomaterials  that  are  Ti02,  ZnO,  and  carbon-based 
species.  These  materials  are  developed  to  enhance  the  electron  transfer  efficiency  of  QDSSCs.  Under¬ 
standing  the  mechanism  of  various  photosensitization  processes  can  provide  design  guidelines  for  future 
successful  applications. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

The  emergence  of  global  warming  and  its  associated  climate 
change  due  to  excessive  use  of  fossil  fuels  has  led  us  to  focus  on 
renewable  energy  sources  for  the  future  [1,2].  Several  renewable 
energy  sources  are  being  investigated  to  evaluate  their  potential  to 
address  large-scale  demand.  These  sources  include  wind  turbines, 
hydropower,  wave  and  tidal  power,  solar  cells,  solar  thermal,  and 
so  on.  Among  these  sources,  photovoltaic  (PV)  technology,  which 
utilizes  solar  energy,  has  drawn  great  attention  as  a  solution  to  the 
increasing  energy  demand  [3-5],  The  sun  provides  a  considerable 
amount  of  energy  for  our  planet;  the  energy  provided  by  the  sun  is 
approximately  10,000  times  more  than  the  global  demand  (i.e., 
3  x  1024  J/year).  In  other  words,  covering  0.1%  of  the  earth’s  surface 
with  solar  cells  that  have  an  efficiency  of  10%  would  fulfill  our 
present  needs  [6], 

The  PV  market  has  shown  exponential  growth  considering  the 
technological  and  economic  advances  over  the  last  few  years.  PV 
cells  are  commonly  classified  as  first-,  second-,  and  third- 
generation  devices  depending  on  the  underlying  technology. 
First-generation  solar  cells  based  on  single-  or  multi-crystalline 
p-n  junction  silicon  cells  are  the  most  common  PV  converters; 
these  cells  have  a  current  market  share  of  approximately  85%. 
Silicon-based  PV  devices  have  reached  the  power  conversion 
efficiency  of  over  20%  [7],  However,  high  purity  requirements  for 
silicon  crystals,  high  fabrication  temperatures,  high  material  cost, 
and  negative  environmental  impact  of  the  processing  technologies 
are  major  problems  that  should  be  resolved  [8], 
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Fig.  1.  Efficiency  and  cost  projection  for  first  (I),  second  (II),  and  third  generation 
(III)  photovoltaic  technology  [10], 


Second-generation  PV  devices  based  on  inorganic  thin  films 
have  a  current  market  share  of  approximately  15%;  these  devices 
are  mostly  based  on  CdTe.  Second-generation  PV  devices  are 
cheaper  but  are  less  efficient  (14%)  than  first-generation  single¬ 
junction  crystalline  PV  cells  (approximately  33%)  [9],  Thus,  for 
further  improvement,  a  new  technology  is  required  to  produce 
third-generation  solar  cells  with  an  efficiency  of  more  than  33% 
and  has  lower  production  cost. 

Implementing  these  new  concepts  would  make  PV  the  cheap¬ 
est  option  for  future  energy  production.  Fig.  1  shows  the  PV 
production  cost  per  square  meter  with  solar  cell  efficiency  and 
the  cost  per  unit  power  for  the  three  generations  of  the  technology 
[10],  First-generation  wafer  technology  is  identified  by  high 
production  costs  and  has  an  average  efficiency  of  20%.  Second- 
generation  thin  film  technology  offers  lower  production  costs  and 
moderate  efficiency  (presently  5  + 10%).  High-efficiency  devices 
with  low  production  costs  are  possible  with  the  exposure  and 
advancement  of  third-generation  solar  cells,  such  as  dye- 
sensitized  solar  cells  (DSSCs),  quantum  dot-sensitized  solar  cells 
(QDSSCs),  and  organic  solar  cells. 

The  production  cost  for  glass-based  DSSCs  with  current  tech¬ 
niques  and  materials  is  approximately  between  $150  and  $220/m2 
[11,12],  With  a  module  efficiency  of  approximately  5-8%,  glass- 
based  DSSCs  cost  approximately  $3/Wp  to  $4/Wp  [11,12],  which  is 
relatively  higher  than  the  approximately  $3/Wp  of  silicon-based 
PV  modules  [12],  The  costs  of  glass-based  DSSCs  are  expected 
to  decrease  to  approximately  $1.4/Wp  in  the  near  future  as  the 
DSSC  technology  matures  for  high  volume  production  [11].  DSSCs 
are  considered  low-cost  and  high-efficiency  solar  cells  because 
their  manufacture  requires  low-cost  materials  and  simple  pro¬ 
cesses  with  added  functionalities,  such  as  low  weight,  flexibility, 
and  semi-transparency.  Since  Gratzel  and  O'Regan  fabricated 
DSSCs  in  1991  [13),  extensive  efforts  have  been  exerted  to  increase 
the  efficiency  of  DSSCs.  However,  the  development  of  DSSCs  has 
not  contributed  to  more  than  12%  of  the  highest  recorded 
efficiency  over  the  last  10  years  [14,15],  Therefore,  new  sensitizers 
or  semiconductors,  which  can  replace  organic  dyes  of  ruthenium 
polypyridine  complexes,  are  necessary  to  broaden  the  photo¬ 
response  in  solar  spectrum  and  increase  the  efficiency  of 
DSSCs.  Inorganic  semiconductors,  such  as  QD  materials,  can  serve 
as  dye  replacements  for  next-generation  sensitizers  because  of 
their  exceptional  optical  properties  [16-18],  QDs  with  tunable 
band  gaps  have  opened  an  alternative  path  for  harvesting  light 
energy  from  visible  to  infrared  (IR)  regions  of  the  solar  spectrum 
[19-21], 
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Fig.  2.  Operating  principle  of  a  typical  QDSSC. 
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QDs  also  possess  competitive  properties,  such  as  multiple 
exciton  generation,  high  molar  extinction  coefficients,  sufficient 
photostability,  and  appropriate  size  dependency,  resulting  in  the 
recognition  of  quantum  dot-sensitized  solar  cells  (QDSSCs)  as  a 
potential  research  subjects  for  future  studies  on  solar  cells. 
Multiple-exciton  generation,  which  is  known  theoretically  as  the 
inverse  Auger  effect,  contributes  to  the  higher  power  conversion 
efficiency  (>;)  of  QDSSCs  than  that  of  DSSCs  [22],  However,  recent 
trends  have  shown  that  the  overall  conversion  efficiency  of 
QDSSCs  is  lower  than  that  of  DSSCs  in  terms  of  serious  electron 
loss  that  results  from  charge  recombination  at  the  electrolyte- 
electrode  or  at  the  electrolyte-counter  electrode  interfaces  [23,24], 
The  current  study  focuses  on  the  use  of  different  sensitizers  to 
increase  values  of  »/  by  improving  the  light  harvesting  ability  and 
the  electron  transfer  rate  of  QDSSCs  and  by  reducing  the  charge 
recombination  rate  at  the  interfaces  [25,26], 

To  obtain  this  goal,  a  number  of  studies  had  explored  different 
approaches,  such  as  the  use  of  multi-layered  QDs  on  Ti02,  utilization 
of  different-size  of  QD  materials  [27,28],  and  the  use  of  different 
deposition  methods,  and  of  a  passivation  layer  (e.g.,  ZnS)  [29],  The 
passivation  layer  has  been  found  to  help  exciton  generation  in  the 
core  to  remove  defects,  such  as  unsaturated  surface  atoms  on  the 
surface,  and  to  reduce  alternative  decay  pathways.  This  paper  high¬ 
lights  recent  advances  in  the  application  of  QDSSCs  with  different 
sensitizers  that  significantly  affect  the  performance  of  QDSSCs  in 
terms  of  incident  photon-to-current  efficiency  (IPCE),  short-circuit 
current  density  (Jsc ),  and  open-circuit  voltage  ( Voc )  values.  At  the  end 
of  this  study,  the  advantages  and  disadvantages  of  QDSSCs  with 
different  QD  sensitizer  materials  will  be  discussed.  Recently  encoun¬ 
tered  problems  on  the  use  of  QDSSCs  are  also  mentioned  along  with 
the  proposed  solution.  Finally,  this  paper  aims  to  promote  future 
investigations  on  QDSSCs. 

2.  Basic  principle  of  QDSSC 

DSSCs  consist  of  a  dye-sensitized  photoanode,  a  counter  electrode, 
and  an  electrolyte  (mostly  iodide).  The  photoanode  is  composed  of  an 
oxide  semiconductor  material,  particularly  Ti02,  which  is  a  highly 
stable  solution  under  visible  light  illumination.  Besides,  a  Ti02  thin 
film  can  be  prepared  and  sintered  easily  as  the  Ti02  colloidal  solution 
is  coated  on  a  transparent  conductive  oxide  (TCO)  substrate.  The 
resultant  film  is  normally  10  pm  thick  and  exhibits  a  nanoporous 
structure  that  increases  dye  absorbance  on  the  Ti02  film  [30],  The  dye 
sensitizer  (a  Ru  complex)  is  subsequently  absorbed  in  the  Ti02 
surface,  which  leads  to  photon  absorption  and  electron  injection. 
The  electrolyte  /“//J  is  frequently  used  to  transfer  electrons 
between  Ti02  and  the  counter  electrode.  Tri-iodide  ions,  which  are 
created  by  the  reduction  of  dye  cations  with  the  I  ion,  are  then 
reduced  to  I  ions  at  the  counter  electrode.  Pt-  and  carbon-based 
materials  coated  on  the  TCO  substrate  are  generally  used  as  counter 
electrodes.  The  physically  blocked  fluorine-doped  tinoxide  (FTO)- 
electrolyte  interface  effectively  prevents  the  injected  electrons  in  the 
FTO  to  recombine  with  the  redox  in  the  electrolyte  [31], 

The  only  difference  between  DSSCs  and  QDSSCs  is  the  sensitiz¬ 
ing  material  that  is  substituted  by  inorganic  nanoparticle  QDs  in 
QDSSCs.  Electron-hole  pairs  are  created  in  the  QDs  as  they 
progress  from  the  lower  to  the  excited  state.  Electrons  from  the 
conduction  band  (CB)  of  QDs  are  injected  into  that  of  Ti02  (Fig.  2) 
upon  illumination,  resulting  in  the  oxidation  of  the  photosensiti¬ 
zer.  The  ground  state  of  QDs  is  regenerated  through  electron 
donation  from  the  electrolyte,  which  is  commonly  a  redox  system 
such  as  polysulfide  (S2_/S2~^  redox  couples.  Another  oxidation 
then  occurs  in  the  photoanode-electrolyte  interface  in  the  electrolyte 
[32-34], 

S2~  +2/i+  ->S  (1) 


J.P 


S+S2_1  — *  S2  (x  =  2-5)  (2) 

On  the  counter  electrode,  the  oxidized  groups  S2~  are  re¬ 
reduced  to  S2  .  Hence,  electrons  migrate  via  the  external  load  to 
complete  the  circuit  [33], 

S2“+  2e^S2I1+S2-  (3) 

Subsequently,  voltage  is  generated  by  variations  in  Fermi  levels 
between  the  electron  in  the  photoelectrode  and  the  redox  poten¬ 
tial  of  /“  //J  in  the  electrolyte.  As  a  result,  QDSSC  devices  generate 
electrical  power  through  sunlight,  and  the  y  of  the  cells  is  obtained 
as  follows  [35,36]: 


where  P  is  the  power  density  at  the  operating  point,  and  Jm  and  Vm 
represent  current  density  and  voltage,  respectively,  at  the  actual 
maximum  power.  Efficiency  can  also  be  estimated  by  using  the  fill 
factor  (FF)  [37], 


(5) 


where  Jsc  and  Vac  are  short  current  density  (mA/cm2)  and  open 
circuit  voltage,  respectively.  They  are  indicated  by  the  direct 
current  density-voltage  (J-V)  curves  (Fig.  3 ).Jsc  is  dependent  on 
light  intensity,  light  absorption,  injection  efficiency,  and  regenera¬ 
tion  of  oxidized  dye.  V0c  is  dependent  on  both  the  Fermi  level  of 
the  semiconductor  and  the  level  of  dark  current.  The  maximum 
value  of  the  open  circuit  voltage  is  determined  by  the  difference 
between  the  Fermi  level  of  the  semiconductor  and  the  redox 
potential  of  the  hole  conductor.  The  ideality  of  the  cell  is 
determined  by  FF,  which  is  derived  from  the  ratio  of  the  inner 
(Jm  x  Vm)  to  the  outer  (JSc  x  V0c)  rectangular  area 


FF  _  J m  x  ^  m 
Jsc  x  Voc 


(6) 


Assuming  that  FF  is  equal  to  one,  the  J-V  curve  reaches  the 
outer  rectangular  area.  Several  factors  influence  FF.  One  of  these 
factors  is  high  inner  resistance  (e.g.,  a  bad  counter  electrode), 
which  decreases  FF  and  overall  efficiency. 

The  probability  of  an  incident  photon  transporting  an  electron 
to  the  outer  circuit  can  be  calculated  by  using  short-circuit 
photocurrents  (fSc)  at  various  excitation  wavelengths  (4),  The 
probability  is  calculated  by 

IPCE  (%)  =  [1240  x  Isc  (A/cm2)]/[i  (nm)[  x  Iinc  (W / cm2)]  x  100% 

(7) 


where  Iinc  is  the  incident  light  power,  and  JSc  is  obtained  by 
integrating  the  production  of  incident  photon  flux  density  F(2)  and 
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IPCE(A)  in  the  range  of  wavelengths  (A)  of  the  incident  light .Jsc  can 
be  expressed  as  follows  [35,19]: 

Jsc  =  [  qm)IPCE(l)di  (8) 

where  q  is  the  electron  charge.  Alternatively,  1PCE  is  given  by  the 
following  equation: 

IPCE  (2)  =  LHE(/l)  x  <pinj  x  >/c  (9) 

where  ipinj  is  the  quantum  yield  of  electron  injection,  tjc  is  the 
efficiency  of  collecting  injected  electrons  at  the  back  contact,  and 
LHE  is  the  light  harvesting  efficiency  at  a  certain  wavelength.  LHE 
can  be  obtained  as  follows  [30]: 

LHE  =  1— T=l  —  1  Q-Absorbance  (10) 

where  absorbance  refers  to  the  light  absorbed  by  the  QDs.  The 
number  of  injected  electrons  is  equal  to  the  number  of  electrons 
collected  on  the  TCO,  that  is,  any  electron  loss  is  due  to  charge 
recombination  only.  Therefore,  r/c  can  be  calculated  as 

1c  =Jsc/Jinj  =Jsc/Usc+Jr]  =  1  —  [rScAoc]  (H) 

where  Jsc  is  the  short  circuit  current  density,  is  the  electron 
injection  current  density  from  excited  QDs  to  the  anode,  Jr  is  the 
recombination  current  density,  r Sc  is  the  electron  transit  time,  and 
T0c  is  the  recombination  time. 

Internal  quantum  efficiency  (IQE)  is  an  important  characteristic 
of  a  solar  cell.  It  reveals  how  efficiently  the  absorbed  photons  are 
converted  into  current  in  the  external  circuit.  For  an  ideal  solar 
cell,  IQE=1.  After  accounting  for  loss  due  to  light  absorption 
(%7Yco)  by  the  TCO  substrate,  the  IQE  of  a  solar  cell  at  a  certain 
wavelength  can  be  calculated  from  the  IPCE  and  LHE  as  follows 
[38]: 

IQE  =  IPCE /[%Tjco  x  LHE]  =  tpinj  x  r/c  (12) 

A  standard  measurement  is  needed  to  compare  the  efficiency  of 
different  research  groups.  For  cell  illumination,  a  standard  solar 
spectrum  of  AM  (air  mass)  1.5  G  (global)  is  used.  This  spectrum  is 
derived  from  the  path  length  the  light  needs  to  travel  through  the 
atmosphere  and  reach  the  surface.  The  spectrum  is  normalized  so 
that  the  integrated  irradiance  is  1000  W/m2  (100mW/m2)  [38], 
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3.  QD  material  in  QDSSCs 

Unlike  bulk  semiconductor,  semiconductor  QDs  are  spherical 
nanomaterials  with  special  optical  properties  and  are  less  than 
10  nm  in  size  [39],  QDs  have  many  advantages,  such  as  (i)  hot 
carrier  injection  from  higher  excited  state  to  the  CB  of  Ti02 
through  light  irradiation  [40],  (ii)  multiple  exciton  generation 
(MEG)  of  carrier  [41],  and  (iii)  tunable  band  gap  and  size- 
dependent  properties  as  a  result  of  quantum  confinement  that 
enhances  the  charge  separation  and  absorption  of  solar  cells  [42], 

Various  QD  materials  have  been  investigated  in  QDSSCs 
because  of  their  particular  properties  for  photosensitization.  These 
materials  include  CdS,  CdSe,  PbS,  ZnSe,  CdHgTe,  CdTe,  InP,  and 
Ag2S.  Among  these  QD  materials,  CdSe  and  CdS  are  frequently 
used  because  of  their  ease  of  fabrication  and  characterization  [43], 

3.3.  Multiple  exciton  generation 

Given  the  nature  of  photovoltaic  materials,  light  absorbing 
materials  will  absorb  only  certain  amounts  of  energy  from  incident 
photons.  A  major  problem  in  traditional  solar  cells,  which  restricts 
cell  conversion  efficiency,  is  that  the  incident  photon  with  the 
excess  energy  above  the  semiconductor  band  gap  is  lost  through 
heat  because  of  electron-phonon  scattering  and  subsequent  car¬ 
rier  replacement  to  the  lower  state  by  phonon  emission  [44],  The 
main  approach  to  reduce  this  loss  is  MEG,  in  which  the  number  of 
excitons  produced  by  a  single  photon  is  restricted  by  energy 
conversion.  In  other  words,  photons  with  Eg,  2 Eg,  and  3£g  energies 
produce  one,  two,  and  three  excitons,  respectively  (Fig.  4).  Another 
technique  that  can  be  used  to  enhance  conversion  efficiency  is 


Fig.  5.  Dynamical  channels  for  photo-induced  hot  electron-hole  pair  [29]. 
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Fig.  4.  (A)  Traditional  schematic  of  solar  cell  and  (B)  multiple  excitons  are  generated  through  single  phonon. 
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through  the  utilization  of  carriers  before  they  are  transferred  to 
the  lower  band  edge  as  a  consequence  of  phonon  emission.  This 
effect  was  first  demonstrated  in  CdSe  QDs  by  Guyot-Sionnest  et  al. 
[44], 

Two  fundamental  methods  can  be  used  to  utilize  hot  carriers. 
One  is  to  produce  and  to  enhance  the  photocurrent,  and  another  is 
to  produce  an  enhanced  photovoltage.  The  former  requires  hot 
carriers  to  generate  more  electron-hole  pairs,  while  the  latter 
involves  the  extraction  of  hot  carriers  from  the  photo-converter 
before  they  cool  [45].  The  extraction  process  is  called  impact 
ionization  (1.1.)  and  is  the  opposite  of  the  Auger  process,  in  which 
two  electron-hole  pairs  are  recombined  to  produce  a  powerful 
electron-hole  pair.  To  enhance  the  photocurrent,  the  rate  of  1.1. 
(ru)  or  e-h  pair  multiplication  should  be  higher  than  the  rates  of 
electron  transfer  (r^),  carrier  cooling  (rcooKng),  and  of  the  Auger 
processes  ( rAuger )■  The  schematic  of  the  energies  is  illustrated  in 
Fig.  5  [46],  Highly  efficient  MEG  has  been  studied  by  Ellingson 
et  al.  [47]  using  PbS  and  PbSe  QDs.  Meanwhile,  Schaller  et  al.  [48] 
showed  that  the  carrier  multiplication  (CM)  factor  is  negligible  in 
InAs  QDs.  This  finding  was  in  contrast  to  the  results  obtained  by 
Ben-Lulu  et  al.  [49]  in  2008,  provided  strong  evidence  on  the 
occurrence  of  MEG  in  InAs/CdSe/ZnSe  QDSSCs. 

3.2.  Charge  transfer  process 

After  excitation,  charge  separation  occurs  at  the  interface 
between  the  band  gap  of  the  semiconductor/QD  and  the  electro¬ 
lyte  in  QDSSCs,  followed  by  electron-hole  pair  generation  [25,50], 


QD + hv ->  QD(ep  +  hp  )->QD(es  +  /is)  (13) 

Q.D(es-\-hs)—*  QD+hv  (14) 

The  notations  s  and  p  represent  the  lower  and  the  higher 
electronic  states  of  the  electron  and  the  hole,  respectively.  The 
charge  transfer  then  occurs  as  follows: 

QD(  es)+Ti02  ->QD(  fip)+Ti02(e)  (15) 

QD( /tp )  + Red ->QD  + Ox  (16) 


where  Ox  and  Red  are  the  oxidation  and  reduction  of  the  electro¬ 
lyte,  respectively.  Charge  separation  in  QDs  is  enhanced  by  an 
alternative  deactivation  pathway  created  as  a  result  of  decreasing 
particle  size. 

When  the  electron-Ti02  pathway  is  the  only  additional  deac¬ 
tivation  pathway  for  the  excited  state  between  Ti02  and  QDs,  the 
rate  constant  is  calculated  by  comparing  the  bleaching  lifetimes 
in  the  presence  and  absence  of  Ti02.  For  example,  the  ket  of  CdSe 
QDs  with  diameters  of  2.6  and  3.7  nm  on  sphere-like  Ti02  films  is 
e-fold  by  2.5  x  109  and  0.63  x  109  s-1,  respectively  [25], 

ket  =  IAqd+ti'02  —  IAqd  (17) 

In  general,  electrolyte  solutions  with  different  pH  values  when 
in  contact  with  the  photoanode  can  also  moderate  charge  injection 
process,  as  observed  in  the  fluorescence  spectra  reported  by 
Chakrapani  et  al.  [51],  Meanwhile,  the  Ti02  CB  will  shift  to  a  more 
negative  potential  by  assuming  a  high-pH  electrolyte.  Conse¬ 
quently,  the  energy  difference  between  QD  and  Ti02  CBs  will 
decrease  along  with  the  electron  injection  rate. 

Moreover,  the  electron  injection  rate  can  be  changed  by 
employing  different  numbers  of  successive  ionic  layer  adsorption 
and  reaction  (SILAR)  deposition  cycles.  Shen  et  al.  [52]  demon¬ 
strated  that  the  rate  of  electron  injection  times  increases  from 
2.8  ps  to  6.3  ps  as  the  number  of  SILAR  deposition  cycles  increases 
from  2  to  15.  Consequently,  results  of  their  study  showed  that 
electron  relaxation  time  increased  from  83  ps  to  320  ps  subse¬ 
quently.  Thus,  the  rate  of  electron  injection  from  QDs  to  Ti02  can 


Table  1 

QDSSCs  with  different  QD  diameter. 


QDs 

Diameter  (nm) 

Jsc 

Voc 

X  Region 

IPCE  (%) 

Ref. 

CdS 

4.4 

3.519 

0.41 

350-470 

0.66 

[23] 

CdS 

4.9 

4.519 

0.44 

350-500 

0.85 

[23] 

CdS 

5.9 

6.694 

0.48 

350-525 

1.29 

[23] 

CdS 

6.2 

5.494 

0.51 

350-550 

1.05 

[231 

CulnS2 

8.27 

4.22 

0.355 

400-800 

0.46 

[20] 

CdSe/N719 

2.2 

2.37 

0.75 

400-700 

0.71 

128] 

CdSe/N719 

2.5 

6.42 

0.78 

400-650 

3.31 

[28] 

CdSe/N719 

3.3 

6.95 

0.81 

400-600 

3.65 

[27] 

CdSe(I) 

2.5 

2.25 

0.59 

400-550 

0.53 

[27] 

CdSe(II) 

3.5 

3.23 

0.64 

400-600 

0.86 

[27] 

CdSe(I)/CdSe  II 

2.5/3. 5 

3.41 

0.66 

40-650 

1.26 

[27] 

be  reduced  considerably  by  increasing  the  frequency  of  deposition 
cycles. 

Moreover,  the  increase  in  the  charge  recombination  rate 
between  the  photoanode  and  the  electrolyte  resulted  from  a  slow 
electron  transfer  rate.  One  method  of  preventing  this  recombina¬ 
tion  is  by  coating  QDs  with  a  protective  layer  that  has  a  higher 
band  gap  than  that  of  QDs  Such  as  ZnS  layer  which  is  commonly 
used  for  CdS  and  CdSe  QDs.  The  ZnS  coating  material  contributes 
to  passivation  of  the  surface  of  QDs  by  suppressing  the  surface 
trapping  of  photo-excited  electrons  and  holes  in  QDs.  The  JSc  and 
IPCE  values  eventually  increase  as  a  result  of  the  transfer  of 
efficient  photo-excited  electrons  into  Ti02  CB.  This  phenomenon 
is  consistent  with  the  results  obtained  by  Li  [53]  and  Tubtimtae 
[54]  for  CdS  and  for  Ag2Se  QDs,  respectively. 

3.3.  Size-dependent  band  gaps 

The  major  advantage  of  using  QDs  as  sensitizers  in  QDSSCs  is 
the  size-dependent  band  gap,  which  is  a  characteristic  of  the 
optical  properties  of  QDs.  By  varying  the  size  of  QDs,  the  light 
harvesting  energy  in  the  solar  spectrum  can  be  controlled  [18], 
Moreover,  an  efficient  charge  separation  can  be  optimized  by 
tuning  the  QD  size  based  on  the  quantization  effect. 

Size  dependency  is  due  to  the  quantum  confinement  effect 
exhibited  by  QD  [55].  The  quantum  confinement  effect  is  mani¬ 
fested  when  the  QD  solution  exhibits  a  different  color  that 
corresponds  to  the  change  in  the  particle  size.  This  change  in  size 
affects  a  different  light  absorption  band.  When  QD  particles  are 
sufficiently  small  in  size,  the  effective  band  gap  energy  of  QDs 
becomes  wider.  Subsequently,  optical  absorptions  and  emissions 
in  relation  to  excitations  across  the  band  gap  shift  toward  higher 
energies  [36],  Quantum  size  effects  were  previously  examined  by 
Gorer  et  al.  [56]  who  observed  the  blue  shift  of  the  optical  spectra 
of  CdSe  films  as  crystal  size  decreased.  Although  photon  absorp¬ 
tion  by  bigger  particles  in  the  visible  region  is  more  significant 
than  that  by  smaller  particles,  electrons  cannot  be  effectively 
inserted  into  Ti02  unlike  with  smaller-sized  QDs  [25], 

Recently  investigated  QDSSCs  with  different  QD  diameters  at 
different  wavelength  regions  are  summarized  in  Table  1.  In  the 
corresponding  wavelength  region,  each  QDSSC  has  unique  IPCE 
characteristics.  For  example,  the  photocurrent  increases  as  the 
particle  size  of  CdS  increases  because  of  the  improvement  in  QDs 
on  the  Ti02  surface.  This  phenomenon  reduces  the  recombination 
between  Ti02  and  the  electrolyte,  which  is  followed  by  an  increase 
in  the  charge  collection  efficiency.  As  a  result,  higher  IPCE  is 
obtained  for  CdS  with  a  diameter  of  5.9  nm  [23], 

In  another  way,  CdSe/N719  QDs  with  different  sizes  (2.2,  2.5, 
and  3.3  nm)  yield  different  IPCE  values  and  perform  at  different 
wavelength  regions  (from  380  nm  to  700  nm,  380  nm  to  650  nm, 
and  380  nm  to  600  nm,  respectively).  Moreover,  Jsc  increases 
with  particle  size,  whereas  Voc  remains  nearly  constant.  These 
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results  imply  that  the  low  current  density  and  V0c  of  the  reported 
CdSe  QD  (2.5  nm)  are  due  to  the  low  loading  of  CdSe  QDs  on  Ti02. 
In  addition,  the  small  pore  size  of  the  Ti02  electrode  can  restrict 
the  formation  of  a  compact  monolayer  on  the  CdSe  QD  sensitizer 

[28], 

CulnS2  has  also  been  shown  to  absorb  light  in  a  wavelength 
range  of  400-800  nm.  In  addition,  this  material  can  theoretically 
provide  higher  values  of  JSc  than  those  of  CdS,  however,  the  IPCE 
values  provided  by  CulnS2  are  significantly  lower  than  those 
provided  by  CdS  because  of  low  coverage  on  the  Ti02  surface  [20,34], 

Meanwhile,  the  use  of  two  different  sizes  of  QDs  has  resulted  in 
improved  performance  compared  with  that  of  single-sized  cells. 
Lei  et  al.  [27]  showed  that  CdSe  QDSCs  exhibit  an  efficiency  of 
1.26%,  which  is  higher  than  that  of  single-sized  cells  (1%).  The 
electron  lifetime  of  the  device  based  on  Ti02/CdSe  QD  (2.5  nm)/ 
CdSe  QD  (3.5  nm)  is  longer  than  that  of  devices  based  on  Ti02/ 
CdSe  QD  (2.5  nm),  which  indicates  that  the  charge  recombination 
at  the  interface  is  lessened  by  sensitizing  two  types  of  CdSe  QDs 
[27],  Therefore,  combining  different  sizes  of  QDs  with  other 
sensitizers  in  a  cell  achieves  better  efficiency  than  combining  only 
one  size  of  QDs  because  of  the  wider  light  absorption  by  QDs  with 
a  wide  range  of  band  gaps. 


4.  QDs  as  sensitizers  in  QDSSCs 

QD  sensitizers  can  be  synthesized  by  two  fundamentally 
different  techniques  [57]:  in  situ  fabrication  and  attachment  of 
pre-synthesized  colloidal  QDS  (ex  situ  fabrication).  Not  only  these 
techniques  are  simple,  but  also  they  are  applicable  in  large-scale 
production.  However,  they  do  not  provide  precise  control  of  the 
particle  size  distribution  of  the  QDs.  The  former  (in  situ  technique) 
is  commonly  used  for  QD  preparation  and  includes  chemical  bath 
deposition  (CBD)  and  SILAR.  It  performs  better  than  the  latter 
(ex  situ  technique)  when  used  to  assemble  QDSSC  [58], 

CBD  is  a  relatively  simple  method  of  depositing  QDs  and 
nanoparticle  films  when  the  growth  of  QDs  occurs  in  one  bath. 
Cationic  and  anionic  solutions  are  prepared  separately  and  placed 
in  a  container  to  form  a  bath  solution  for  slow  reaction.  QDs  are 
grown  on  the  surface  of  the  wide-band  gap  semiconductor  by 
dipping  the  electrode  into  the  bath  solution  for  a  defined  period. 
Thus,  QD  deposition  is  controlled  by  varying  the  dipping  time.  This 
method  also  possesses  many  advantages,  such  as  stable  yield, 
robust  adherence,  and  uniform  and  good  reproducibility.  However, 
the  growth  of  QDs  strongly  depends  on  growth  conditions,  such  as 
deposition  duration,  solution  composition  and  temperature,  and 
mesoporous  film  characteristics  [59], 

In  SILAR,  cationic  and  anionic  precursors  are  separately  placed 
in  two  beakers  or  containers.  Ti02-coated  electrode  is  dipped  into 
the  cationic  precursor  solution  and  then  into  the  anodic  precursor. 
Each  dipping  step  is  followed  by  rinsing  and  drying.  The  two-step 
dipping  procedure  is  regarded  as  one  deposition  or  SILAR  cycle. 
The  size  of  the  deposited  QDs  can  be  controlled  by  the  number  of 
dip  cycles  [60],  Senthamilselvi  et  al.  [61]  reported  that  SILAR  is  a 
better  approach  than  CBD  because  of  its  shorter  processing  time 
and  close  stoichiometry  formation. 

Aside  from  CBD  and  SILAR,  QDs  can  also  be  prepared  through 
ex  situ  fabrication  by  using  molecular  linkers  that  have  various 
functional  groups.  In  this  technique,  QDs  are  pre-synthesized  by 
using  capping  agents,  such  as  mercaptopropionic  acid,  trioctylpho- 
sphine,  and  trioctyphosphine  oxide.  QDs  can  also  be  deposited 
directly  without  using  linker  molecules  via  direct  absorption, 
which  may  lead  to  a  high  degree  of  QD  aggregation  in  addition 
to  low  surface  coverage.  This  technique  also  enables  precise 
control  over  the  size  and  hence  the  spectral  absorption  properties 
of  the  QDs  [62,63],  However,  these  techniques  only  develop  the 


performance  of  QDs  as  sensitizers  in  the  fabrication  of  QDSSCS. 
Optimization  studies  should  be  conducted  to  increase  the  energy 
conversion  efficiency  of  QDs. 

To  this  end,  an  approach  that  utilizes  different  types  of 
sensitizers  in  QDSSCs  must  be  developed  for  a  better  and  simpler 
comparison.  In  this  review,  the  maximum  values  of  significant 
factors,  namely,  FF,  V0c. '/.  and  Jsc,  are  considered  with  respect  to 
the  QD  material  for  each  QDSSC.  The  highest  JSo  VDc,  FF.  or  //  values 
of  different  sensitizers  are  then  compared  (Table  1 ).  The  types  of 
semiconductor  material,  counter  electrode,  and  electrolyte  are  also 
considered  for  a  better  comparison. 

The  QDs  employed  in  QDSSCs  as  sensitizers  include  CuInS2  [20], 
PbS  [64,65],  AgInSe2  [66],  PbSeS  [67],  Ag2Se  [54],  CdS  [68],  CdSe 
[69],  CdTe  [70],  and  ZnS  [29].  Among  these  sensitizers,  CdS  and 
CdSe  QDs  have  been  considered  as  adequate  choices  as  stable 
materials  in  QDSSCs  [43],  Improvements  observed  on  the  perfor¬ 
mance  of  the  cells  incorporated  with  the  sensitizers  are  mainly 
attributed  to  the  increase  in  QD  size  and  in  the  surface  area 
covered  by  the  QDs  on  the  photoelectrode. 

Another  method  to  improve  QDSSCs  was  reported  by  Yu  et  al. 
[71].  In  this  method,  CdSe/CdS  core/shell  nanocrystals  were  used. 
The  CdSe/CdS  core/shell  structure  exhibited  higher  Jsc,  V0&  and  // 
than  those  of  single  CdSe  QD-sensitized  solar  cells.  Besides,  CdSe/ 
CdS  QD  prevented  charge  recombination  inside  QDs  by  reducing 
the  surface  states  and  by  accelerating  charge  separation.  Hence, 
single  QDs  is  incapable  of  increasing  energy  conversion  efficiency 
of  QDSSCs  to  high  levels. 

Jung  et  al.  [23]  developed  another  approach  to  improve  QDSSC 
performance.  The  method  involves  a  passivation  layer  (e.g.,  ZnS) 
between  Ti02  and  the  electrolyte  in  CdS  QDs.  The  passivation  layer 
reduced  the  recombination  rate  from  Ti02  to  the  electrolyte, 
resulting  in  increased  charge  collection  efficiency.  This  result  was 
also  demonstrated  in  PbS  QDSSCs  with  a  CdS  coating  layer  [65], 

Multi-layered  QDs  fabricated  using  the  chemical  bath  deposition 
(CBD)  method  can  likewise  improve  QDSSC  performance.  The 
highest  QDSSC  efficiency  achieved  by  Hu  et  al.  was  1.47%  for  CdS/ 
CuInS2.  However,  with  a  single  QD,  efficiency  rates  of  only  0.34%  and 
0.38%  were  reported  for  CdS  and  CuInS2  QDSSCs,  respectively. 
Therefore,  CdS  inhibits  interfacial  recombination,  consequently 
increasing  V0c  and  efficiency  [72],  Meanwhile,  dye  sensitizers  used 
in  DSSCs  can  improve  solar  cell  performance  when  coupled  with  QD 
sensitizers.  Fan  et  al.  [73]  reported  that  co-sensitized  solar  cells  with 
QDs  significantly  improve  photocurrent  and  power  conversion 
efficiency  rates  (7.265  mA/cm2  and  1.03%,  respectively)  compared 
with  those  of  QDs  alone  or  of  DSSCs  (0.09%  and  0.41%,  respectively). 

Different  annealing  temperatures  (100  C,  150  °C,  200  C,  and 
250  °C)  also  affect  QDSSC  performance,  as  reported  by  Yu  et  al. 
[71].  Annealing  treatment  of  CdSe/CdS  QDs  increased  IPCE  from 
0.46%  to  2.83%.  A  remarkable  efficiency  of  4.21%  was  obtained 
when  a  Ti02/CdSe/CdS/ZnS  photoanode  was  annealed  at  300  °C. 
The  cell  prepared  with  the  same  photoanode  but  without  heat 
treatment  yielded  an  efficiency  of  only  3.20%. 

Other  factors,  such  as  counter  electrode  and  electrolyte  materi¬ 
als,  must  also  be  considered  to  improve  QDSSC  performance.  CuS 
and  CoS  are  two  counter  electrodes  used  in  ZnS/CdSe/CdS  multi¬ 
layer  QDSSCs.  The  use  of  these  counter  electrodes  yielded  effi¬ 
ciencies  of  2.7%  and  1.9%  respectively.  These  results  indicate 
significant  enhancement  in  IPCE  compared  with  that  of  a  Pt 
counter  electrode  with  an  efficiency  of  1.6%  [29]. 

The  use  of  different  electrolyte  materials  may  also  lead  to 
increased  QDSSC  performance.  Karageorgopoulos  et  al.  [74] 
employed  two  different  electrolytes,  namely,  a  quasi-solid  electro¬ 
lyte  that  contains  polysulfide  (S~2/Sx~2)  and  a  hybrid  organic- 
inorganic  ICS-PPG230  material  in  ZnO/CdS/CdSe  QDSSCs.  The 
fabricated  solar  cell  enhanced  the  solar  cell  conversion  efficiency 
from  1.2%  to  4.5%.  The  results  showed  that  the  quasisolid 
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Table  2 

QDSSCs  using  different  sensitizers. 


Number 

Oxide 

semiconductor 

Sensitizer 

Counter 

electrode 

Electrolyte 

^oc  (V)  Jsc 

(mA/m2) 

FF  (%) 

y(%) 

Ref. 

1 

Ti02 

CdS/ZnS 

Pt 

0.5  M  Na2S,  2  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.51 

7.813 

46.5 

1.72 

[23] 

2 

Ti02 

CdS 

Pt 

0.5  M  Na2S,  2  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.51 

6.69 

45.9 

1.29 

[23] 

3 

Zn0/Zn2Sn04 

CdS 

Pt 

0.5  M  Na2S,  2  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.71 

3.10 

41.8 

0.92 

[76] 

4 

ZnO 

CdS 

Pt 

0.5  M  Na2S,  2  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.68 

1.30 

30 

0.25 

[24] 

5 

Ti02 

CdS/TiCl4  treatment 

Pt 

0.5  M  Na2S,  IMS,  0.2  M  KC1  in  water/methanol  solution 

0.49 

4.05 

32.8 

0.65 

[24] 

6 

Ti02 

Si  QD 

Pt 

0.5  M  Na2S,  2  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.11 

0.64 

- 

0.02 

[77] 

7 

N-Ti02 

CdSexS!  _x/CdSe 

Pt 

2  M  Na2S,  0.5  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.48 

12.03 

65 

3.67 

[78] 

8 

Ti02 

CdS/CO/ZnS 

Pt 

0.5  M  Na2S,  2  M  S,  0.2  M  KC1  in  water/methanol  solution 

0.50 

6.541 

43.4 

1.33 

[79] 

9 

Ti02 

Sb2S3 

Pt 

Polyanilin  hole  conductor 

1.09 

1.76 

53.1 

3.78 

[80] 

10 

Ti02 

CulnS2 

Pt 

0.24  M  Na2S,  and  0.035  M  Na2S03  in  aqueous  solution 

0.37 

4.22 

32 

0.46 

[20] 

11 

Ti02 

CulnS2/ln2S3 

Pt 

0.24  M  Na2S,  and  0.035  M  Na2S03  in  aqueous  solution 

0.56 

4.51 

41 

1.06 

[20] 

12 

Ti02 

Si  QD 

Pt 

Polysulfide  (s~2  S^2^ 

- 

- 

- 

0.02 

[81] 

13 

Ti02 

Nitridated  Si  QD 

Pt 

Polysulfide  (s-2  S^2) 

- 

- 

- 

0.04 

[81] 

14 

Ti02 

CdHgTe/CdTe 

Pt 

1  M  Lil,  1  M  I2 

0.76 

4.43 

62 

2.2 

[70] 

15 

Ti02 

CdHgTe 

Pt 

1  M  Lil,  1  M  I2 

0.66 

3.41 

54.6 

1.0 

[70] 

16 

Ti02 

CdS 

Pt 

2  M  Na2S,  2  M  S 

0.35 

2.57 

18 

0.17 

[68] 

17 

Ti02 

CdS 

Carbon 

electrode 

2  M  Na2S,  2  M  S  in  aqueous  solution 

0.45 

5.57 

58 

1.47 

[68] 

18 

Ti02 

CdSe 

Cu2S 

Polysulfide 

0.57 

13.9 

53 

3.83 

[69] 

19 

Ti02 

ZnSe/CdS 

Type  II 

Pt 

Na2S  (0.5  M),  S  (0.125  M),  I<CL(0.2  M)  in  water/methanol 

0.44 

2.29 

27 

0.27 

[82] 

20 

ZnO  nanorod 

CdSe 

Pt 

0.1  M  I2,  0.1  M  Lil,  0.5  M  tert  butylpyridine, 

0.6  M  iodide  in  methoxyacetonitrile 

0.58 

2.70 

47.4 

0.74 

[83] 

21 

Graphene-Ti02  film  CdS 

Pt 

0.5  M  Na2S,  2  M  S,  and  0.2  M  KC1  in  water/methanol 

0.57 

7.19 

41 

1.31 

[84] 

22 

Graphene 

CdS 

Pt 

1  M  KN03 

- 

- 

- 

1.2 

[85] 

23 

Graphene-Ti02 

CdS 

Au 

0.5  M  Na2S,  2  M  S,  and  0.2  M  KC1  in  water/methanol 

0.58 

7.1 

43 

1.44 

[21] 

24 

Ti02 

AglnSe2 

Pt+Hg/Hg2S04 

Cobalt  ion  dissolve  in  acetonitrile  and  ethylene  carbonate 

0.63 

0.92 

45 

0.26 

[66] 

25 

SWCNT/Ti02 

PbS 

Pt 

Lil  (0.1),  I2  (0.05)  in  acetonitrile 

0.48 

3.02 

44 

0.80 

[86] 

26 

Ti02 

PbS 

Pt 

Lil  (0.1),  I2  (0.05)  in  acetonitrile 

0.44 

2.62 

41 

0.59 

[86] 

27 

ZnO/VACNTs 

CdSe 

Pt 

2  M  Na2S,  3  M  S 

0.57 

4.45 

57.5 

1.46 

[87] 

28 

ZnO 

CdSe 

Pt 

2  M  Na2S,  3  M  S 

0.54 

3.86 

42.7 

0.88 

[68] 

29 

ZnO 

ZnPc+PbS 

Au 

K1  (0.5  M),  I2  (0.05) 

0.30 

1.42 

34.8 

0.69 

[88] 

30 

ZTO 

ZnPc+PbS  QD 

Au 

K1  (0.5  M),  I2  (0.05) 

0.32 

1.38 

40.9 

0.85 

[89] 

31 

Ti02/ZnO  CdS 

Au 

0.5  M  Na2S,  2  M  S,  and  0.2  M  KC1 

0.58 

7.66 

35 

1.56 

[90] 

32 

Ti02 

CdS 

Au 

0.5  M  Na2S,  2  M  S,  and  0.2  M  KC1 

0.49 

5.52 

36 

0.99 

[91] 

33 

Ti02 

ZnS/CdSe/CdS 

CoS 

1  M  Na2S,  1  M  S, 

- 

11.2 

32 

1.9 

[57] 

34 

Ti02 

ZnS/CdSe/CdS 

CuS 

1  M  Na2S,  1  M  S, 

13.9 

35 

2.7 

[57] 

35 

Ti02 

ZnS/CdSe/CdS 

Pt 

1  M  Na2S,  1  M  S, 

- 

9.1 

35 

1.6 

[57] 

36 

Ti02 

CdS/PbS 

Pt 

Polysulfide 

11.5 

0.581 

30 

2.02 

[65] 

37 

Ti02 

PbS/CdS 

Pt 

Polysulfide 

0.34 

1.21 

35 

0.15 

[65] 

38 

Ti02/ZnS 

CdSe/CdS 

Cu2S 

1  M  Na2S,  1  M  sulfur  in  water 

0.65 

13.56 

66 

4.21 

[68] 

39 

ZnO 

CdS 

Zinc 

0.1  M  Zn(N03)2  0.1  M  KC1 

0.53 

7.9 

30 

1.16 

[90] 

40 

Ti02 

CulnS2 

Carbon 

1  M  Na2S,  1  M  S 

0.23 

4.44 

37 

0.38 

[72] 

41 

Ti02 

CdS/CulnS2 

Carbon 

1  M  Na2S,  1  M  S 

0.48 

8.12 

37 

1.47 

[72] 

42 

Ti02 

CdS 

Carbon 

1  M  Na2S,  1  M  S 

0.31 

2.48 

45 

0.34 

[72] 

43 

Ti02/ZnS 

Ag2Se 

Pt 

0.5  M  Na2S,  2  M  S,  and  0.2  M  KC1,  0.5  M  NaOH 

0.15 

33.3 

24.3 

1.21 

[54] 

44 

Ti02/ZnS 

Ag2Se 

Pt 

Iodide/triiodide 

0.27 

28.5 

23.8 

1.76 

[54] 

45 

Ti02 

PbS 

Cu2S 

1  M  Na2S,  1  M  S,  and  0.1  M  NaOH  in  water 

0.42 

7.3 

61 

1.9 

[67] 

46 

Ti02 

PbSeS 

Cu2S 

1  M  Na2S,  1  M  S,  and  0.1  M  NaOH  in  water 

0.41 

6.4 

63 

1.58 

[67] 

47 

Ti02 

PbS/CdS 

Cu2S 

1  M  Na2S,  1  M  S,  and  0.1  M  NaOH  in  water 

0.46 

8 

58 

2.1 

[67] 

48 

Zn2Sn04 

CdS 

Pt 

0.6  M  1,2  dimethyl.3.n.propylimidazolium  iodide, 

0.1  M  Lil,  0.05  M  I2  in  acetonitrile 

0.48 

0.49 

45.5 

0.10 

[70] 

49 

Zn2Sn04  treated 

Al3  + 

CdS 

Pt 

0.6  M  1,2  dimethyl.3.n.propylimidazolium  iodide, 

0.1  M  Lil,  0.05  M  I2  in  acetonitrile 

0.49 

0.86 

61 

0.26 

[70] 

50 

Ti02 

CdSe 

Pt 

0.5  M  Na2S,  2  M  S  in  methanol/H20 

0.40 

3.181 

45.6 

0.59 

[73] 

51 

Ti02 

CdSe + dye  (JK24) 

Pt 

0.5  M  Na2S,  2  M  S  in  methanol/H20 

0.45 

6.705 

38.2 

1.18 

[73] 

52 

Zn2Sn04/ZnS 

CdS 

Pt 

0.6  M  1,2  dimethyl.3.n.propylimidazolium  iodide, 

0.1  M-Lil,  0.05  M-I2  in  acetonitrile 

0.43 

0.27 

47.4 

0.05 

[53] 

53 

Ti02  nanocoral 

PbS 

Pt 

0.5  M-NaOH,  0.5  M-polysulfide,  0.5  Na2S 

0.32 

3.84 

49 

1.23 

[64] 

54 

ZnO 

CdS/CdSe 

Pt 

Polysulfide  (s~2/S~2'\  redox  (aqueous) 

0.53 

7.6 

30 

1.2 

[74] 

55 

ZnO 

CdS/CdSe 

Pt 

ICS-PPG230  (Quasi  solid) 

0.68 

16.3 

41 

4.5 

[74] 

electrolyte  was  more  appropriate  than  the  aqueous  electrolyte 
because  the  former  reduced  the  leakage  as  well  as  the  sealing 
problem  in  the  cells. 

As  shown  in  Table  2,  CdS/CdSe  with  a  ZnO  semiconductor 
incorporated  with  the  quasi-solid  electrolyte  displays  the  high¬ 
est  efficiency  and  Jsc  (4.5%  and  16.3  mA/cm2,  respectively)  [74], 


These  findings  indicate  that  among  QD  sensitizers,  CdS  and 
CdSe  QDs,  particularly  in  the  form  of  multi-layered  QDs  incor¬ 
porated  with  a  passivation  layer  (CdS/CdSe/ZnS),  exhibited  the 
highest  performance.  These  QDs  can  be  further  improved  by  repla¬ 
cing  the  Pt  counter  electrode  with  other  electrolytes,  such  as  Cu2S  or 
CuS  [71], 
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5.  Advantages  of  QDs 

Recent  developments  in  technology  have  replaced  the  costly, 
inefficient,  bulk  material  for  QDs,  significantly  contributing  to  the 
increased  range  of  QD  applications  [42],  The  size  of  the  produced 
dot  can  be  fully  controlled  by  providing  accurate  supervision  over 
the  wavelength  of  the  emitted  photon.  It  states  that,  the  color  of 
the  emitted  light  from  QDs  can  be  highly  tuned  at  a  negligible  cost 
and  with  affordable  technology.  A  complete  range  of  QDs,  each 
characterized  by  a  distinct  and  narrow  emission  spectrum,  can 
therefore  be  produced  [90].  Moreover,  the  low  energy  requirement 
for  excitation  can  be  provided  by  a  single  visible  light  or  ultraviolet 
wavelength  beam  regardless  of  QD  size.  These  properties  signifi¬ 
cantly  reduce  production  costs  [39-41], 

QDs  can  also  be  used  in  a  wide  range  of  experiments,  particu¬ 
larly  in  highly  sensitive  applications,  such  as  QDSSCs,  because  of 
their  high  photostability  regardless  of  time  limitations.  The  range 
of  applications  can  be  further  expanded  by  utilizing  alternative 
forms  of  QDs,  such  as  quantum  dust,  beads,  and  crystalline  forms 
[30], 

Finally,  QDs  can  be  provided  by  various  economical  and  simple 
development  methods,  such  as  colloidal  synthesis  and  litho¬ 
graphic  and  epitaxial  techniques  [91], 


6.  Limitations  and  challenges 

Although  many  high-quality  QDs  have  been  used  as  alternative 
sensitizers  in  QDSSCs,  many  of  them  do  not  produce  highly 
efficient  QDSSCs.  Several  difficulties  limit  the  overall  efficiency  of 
the  cell  and  require  consideration  in  future  investigations. 

Likewise,  the  specific  energy  band  gap  of  single  QD-sensitized 
solar  cells  is  a  major  problem  because  it  restricts  the  absorption  of 
sensitized  QDSSC  films  to  the  specific  region,  particularly  for  CdS 
QDSSCs  which  is  in  visible  region  [65].  Meanwhile,  the  incorpora¬ 
tion  of  a  dye  material  in  QDs  to  widen  the  absorption  spectrum 
may  overlap  absorption  areas  at  short  wavelengths  of  both 
sensitizers,  which  results  in  sharing  of  incident  photons  at  this 
wavelength  region.  This  phenomenon  decreases  the  IPCE  value  as 
a  result  of  the  low  photo-to-current  conversion  efficiency  of  QDs 
[73], 

The  major  problem  in  QDSSCs  is  recombination  loss.  Electrons 
that  are  photo-injected  into  Ti02  recombine  with  the  redox  couple 
in  the  electrolyte.  In  some  cases,  such  as  that  in  CuInS2  QDs,  this 
recombination  occurs  as  a  result  of  band  misalignments  and  of 
high  surface-state  density  in  the  heterostructure  between  Ti02  and 
QDs  [20],  Similarly,  the  large  particle  size  of  Si  QDSSCs  increases 
the  recombination  loss  with  the  redox  electrolyte  in  the  Si-Ti02 
network  [77], 

Moreover,  low  QD  loading  and  the  subsequent  weak  electronic 
connection  between  QDs  and  Ti02  introduce  defects  in  cell 
performance  and  subsequently  reduce  cell  efficiency.  This  problem 
can  be  addressed  by  introducing  excess  QDs  onto  the  Ti02  surface 
by  SILAR,  CBD,  or  other  methods  that  can  increase  QD  loading. 
However,  Zhao  et  al.  [84]  and  Chen  et  al.  [92]  stated  that  excess 
QDs  can  act  as  recombination  centers  in  the  presence  of  CdS  or 
graphene  QDs  by  increasing  the  surface  area  exposed  to  the 
electrolyte,  which  leads  to  high  electron  recombination  loss. 

Furthermore,  different  electrolytes  have  different  effects  on 
QDSSC  efficiency,  further  restricting  the  overall  efficiency  of  the 
cell.  Solar  cells  provided  by  PbS  and  PbSeS  QDs  with  polysulfide 
electrolyte  exhibit  low  stability  as  PbS  corrodes  in  the  polysulfide 
electrolyte.  Therefore,  direct  contact  between  PbS  and  the  electro¬ 
lyte  must  be  avoided  [67].  Similarly,  73%  reduction  in  the  overall 
efficiency  of  the  cell  was  observed  in  ZnO/CdS/CdSe/ZnS  multi¬ 


layer  QDs  when  the  quasi-solid  electrolyte  was  replaced  with  an 
aqueous  electrolyte  [74]. 

Considering  the  limitations  and  challenges  associated  with 
QDSSCs,  researchers  have  more  room  to  explore  and  understand 
the  use  of  new  materials  in  improving  the  performance  of  QDSSCs. 


7.  Conclusions 

This  feature  article  provides  a  review  of  nanomaterials  that 
have  been  used  as  sensitizers  in  the  fabrication  of  QDSSCs.  With 
advances  in  nanotechnology,  QDSSC  performance  has  been  sig¬ 
nificantly  improved  (Table  2).  QDSSCs  that  provide  rj  values  of 
more  than  4%  have  been  prepared  [65,74],  These  high  »;  values  can 
be  attributed  to  increased  electron  transport,  light  harvesting,  and 
decreased  inner  energy  loss. 

To  enhance  the  light-harvesting  energy  transfer,  QDs  can  be 
used  in  conjunction  with  organic  dyes  or  with  other  QDs  (multi¬ 
layered  QDs).  However,  a  distinct  electrode  on  which  CdSe  QDs 
and  organic  dye  molecules  are  spatially  organized  must  be  devel¬ 
oped  to  increase  IPCE  to  a  higher  value  [54].  In  a  similar  manner, 
the  co-presence  of  CdSe  in  CdS  QDs  with  an  energy  band  gap  of 
2.25  eV  can  effectively  extend  the  absorption  region  [74], 

Furthermore,  surface  modification  can  also  be  used  to  minimize 
the  recombination  loss.  A  Ti02  layer  which  is  grown  from  TiCl4  on 
a  Ti02-nanoparticle  electrode  is  widely  used  to  improve  the 
conversion  efficiency  in  QDSSCs  [24].  In  addition,  coating  QDs 
with  a  protective  ZnS  layer  has  been  shown  to  prevent  electron 
leakage  into  the  electrolyte,  thereby  reducing  the  recombination 
loss  [23], 

Simultaneous  use  of  several  types  of  QD  materials  (e.g.,  CulnS2/ 
CdS  QDSSCs)  is  recommended  to  widen  the  light  absorption 
wavelength  range  of  QDSSCs  and  to  overcome  limitations,  such 
as  CulnS2/CdS  QDSSCs  particularly  for  cells  with  low  electric 
conversion  efficiency  rates  [72], 

For  cases  in  which  the  QD  loading  onto  the  Ti02  surface  is  low, 
SILAR  or  CBD  is  an  effective  method  of  loading  QDs  on  the  Ti02 
layer.  However,  high  performance  is  not  always  achieved  in  highly 
efficient  SILAR  or  CBD  cycle.  For  example,  the  highest  performance 
for  ZnSn04-CdS  QDs  was  obtained  at  a  maximum  of  six  cycles 
[75],  In  general,  QDs  produced  by  CBD  exhibit  higher  cell  perfor¬ 
mances  than  those  produced  by  SILAR.  The  advantage  of  the  SILAR 
method  is  that  it  can  cover  a  large  surface  area  of  ordered  Ti02 
nanostructures.  In  addition,  the  limitations  in  the  photoanodes 
prepared  by  SILAR  can  be  mitigated  by  effective  passivation  of  the 
photoanode  surface. 

Another  challenge  associated  with  QDSSCS  is  substrate  restric¬ 
tion.  For  instance,  in  CdS  quantum-dot-sensitized  Zn2Sn04  solar 
cells,  the  impedance  of  the  ITO  glass  increases  after  calcination, 
subsequently  improving  charge  recombination  [53], 

By  considering  the  abovementioned  difficulties  and  then  for¬ 
ward  proposed  solutions  of  recent  QDSSCs,  researchers  can  have 
more  flexibility  in  exploring  and  developing  alternative  methods 
and  materials  to  improve  the  performance  of  QDSSCs. 

In  conclusion,  4.92%  is  the  maximum  reported  energy  conver¬ 
sion  efficiency  of  QDSSCs  with  CdS/CdSe  as  sensitizer  in  the 
presence  of  polysulfide  electrolyte  [93],  Therefore,  multi-junction 
PbS  and  CdS  QD-based  solar  cells  have  the  potential  to  enhance 
the  power  conversion  efficiency  by  up  to  10%.  A  recent  study 
reported  PbSe-based  solar  cells  that  exhibit  over  100%  external 
quantum  efficiency  [94],  which  is  significant  for  their  low  fabrica¬ 
tion  cost  and  ability  to  efficiently  harvest  the  sun  light  to  near- 
infrared  offers  great  promise  for  the  design  of  QD-based  solar  cells 
with  efficiency  rates  beyond  the  Shockley-Queisser  limit.  Recent 
studies  have  also  shown  that  PbS  QD  solar  cells  can  be  stable  for 
over  1000  h  under  continuous  illumination  [95].  Therefore,  It  can 
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be  conclude  that,  lead  chalcogenide  PV  can  provide  the  three 
necessary  economic  major  issues:  cost,  efficiency,  and  stability. 
Comparatively,  Wadia  et  al.  [96]  reported  that  PbS  materials  for 
solar  cells  are  naturally  abundant  in  terms  of  raw  material  cost. 

In  terms  of  global  energy  market  price,  the  price  of  QDSSC  is 
expected  to  be  less  than  that  of  the  current  DSSC  ($3/Wp-$4/Wp) 
[11,12]  because  of  the  low-cost  materials  used,  such  as  carbon- 
based  counter  electrode  or  carbon  QDs.  On  the  basis  of  the  current 
market  price  of  solar  cells,  this  technology  costs  much  lower  than 
silicon  solar  cells  ($3/Wp)  [12], 

Consequently,  QD  semiconductors  have  a  high  potential  bene¬ 
fits  to  become  new-generation  energy  devices  because  of  their 
distinct  optical  and  electrical  properties,  great  surface  area,  high 
chemical  stability,  and  high  photostability.  Recent  studies  have 
applied  chemical  engineering  at  the  nanocrystal  surface  to  better 
passivated  the  nanocrystal  and  reduce  detrimental  trap  states 
which  would  reduce  device  performance  by  means  of  carrier 
recombination.  The  latest  results  in  an  efficiency  of  7%  which  is 
among  the  highest  achieved  for  QDSSCs  and,  although  lower  than 
commercial  bulk  silicon  cells  (17%),  it  has  a  potential  for  improve¬ 
ment  beyond  silicon  cells  due  to  hot  carrier  extraction  and 
efficient  multiple  exciton  generation  [97],  With  the  advances  in 
nanotechnology,  some  problems  commonly  encountered  in 
QDSSCs  may  be  partially  solved  and  we  expect  major  break¬ 
throughs  in  developing  QDSSCs  in  the  near  future. 

For  further  development,  future  studies  should  focus  on 
improving  the  performance  of  solar  cells  by  (1)  designing  new 
semiconductor  QDs  with  a  large  wavelength  range  of  optical 
absorption,  (2)  improving  the  electronic  interaction  between  QDs 
and  electron  acceptors,  (3)  improving  QD  loading  onto  the  Ti02  to 
increase  the  light  harvesting  efficiency  of  QDs,  (4)  minimizing  the 
recombination  loss  at  the  interface  of  photoanode  and  electrolyte, 
(5)  increasing  electron  mobility  and  device  stability,  and  (6) 
reducing  fabrication  costs.  Indeed,  commercialization  of  large- 
scale  solar  cells  based  on  nanostructure  architecture  has  yet  to 
be  realized.  QDSSCs  have  a  potential  to  replace  a  dye  for  dye- 
sensitized  solar  cell  and  reduce  material  for  any  thin  film  or 
tandem  solar  cells  as  well  as  to  compete  with  silicon  solar  cell  in 
future. 
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